ABSTRACT: The aim of this study was to investigate a method of embedding L-cysteine (L-cys), an antimicrobial agent, between layers of chitosan (CH) and sodium alginate (ALG) onto cotton samples obtained via a layer-by-layer electrostatic deposition technique via several embedding methods. The results show that the best way to incorporate L-cys into the layers was the one that used the property of gelling ALG. To monitor the L-cys embedding into the CH/ALG multilayer film, different methods were used: energydispersive X-ray spectrometry analysis to assess the presence of sulfur on the sample, Ellman's reagent method to analyze L-cys release from the sample, and attenuated total reflectance (ATR) Fourier transform infrared spectroscopy (FTIR) to compare the ATR-FTIR spectra of the pure L-cys and L-cys embedded in the CH/ALG multilayer film to study the interaction between the L-cys and the CH/ ALG multilayer films. Functionalized CH/ALG cotton samples were also investigated for their antibacterial properties toward Staphylococcus aureus and Klebsiella pneumonia with the Japanese Industrial Standard method JIS L 1902JIS L :2002, and the results show an enhancement of the antibacterial effect due to the presence of L-cys.
INTRODUCTION
The continuous use of antibiotics has resulted in multiresistant bacterial strains all over the world. Consequently, there is an urgent need to search for alternatives for antibiotics. For this purpose, a new strategy is proposed here: to use natural bioactive agents as potential antibacterial agents for textiles for medical applications, such as wound dressings. In this way, L-cysteine (L-cys) was used as a model to find the best strategy to introduce active agents between the layers of chitosan (CH) and sodium alginate (ALG) because L-cys is an important biomolecule, which has been extensively used in pharmaceuticals, chemical synthesis, and so on.
1 L-Cys can be used for the conjugation of biomolecules, and this allows it to be used for biotechnological applications. 2 To deposit several layers of CH and ALG on cotton samples, a layer-by-layer (LbL) technique was used. The LbL technique offers new opportunities for the preparation of functionalized biomaterial coatings and the incorporation of bioactive molecules between the layers. [3] [4] [5] This technique allows the preparation of nanoarchitectures exhibiting specific properties.
Peptides, proteins, and active agents adsorbed or embedded in multilayer films have been shown to retain their biological activities, 6 whereas a covalent attachment to the biomaterial can reduce or even destroy their biochemical activity. 5 So, with the LbL technique, active agents can be directly integrated in the architecture without any covalent bonding with a biomaterial. 6, 7 The use of active agents coupled with polyelectrolytes constitutes a major advantage in comparison with direct chemical immobilization methods. On the other hand, the direct immobilization of active agents on a surface needs to be optimized for every individual agent/surface pair; thus, the resulting surfaces structures are much more difficult to characterize, and side reactions are detected.
An advantage of LbL is that the film can be assembled directly on the desired surface. The basic character of LbL, however, depends neither on the surface area of the support nor its shape but on the charge properties of the surface and assembling species. The layering process in LbL is repetitive and can be automated; this makes it suitable for commercial prospects in applications of technology.
The LbL method is based on the successive deposition of oppositely charged polymers onto solid surfaces, 9, 10 as illustrated in Figure 1 (adapted from Nabok 11 ).
The purpose of this study was to investigate the best method for the functionalization of cotton with polyelectrolyte multilayer films (CH and ALG) with incorporated L-cys. Our strategy was based on the use of multilayer films as reservoirs of active molecules. Nothing has been found in the literature concerning the aim of this study; therefore, all of the results were compared with works based on drug-delivery systems. These kinds of samples are promising examples for use in wound dressings. Natural cellulose (cotton) fiber is the basis of many wound dressings, 12 and wound dressings containing antibiotics have been developed for the inhibition of wound infection. [13] [14] [15] A variety of wound dressings that incorporate active agents is available on the market; they include iodine (Iodosorb by Smith & Nephew), chlorohexidime (Biopatch by J&J), and silver ions (Acticoat by Smith & Nephew, Actisorb by J&J, and Aquacel by ConvaTec). 16 CH and ALG were selected to embed L-cys because these are natural biopolymers that are finding applications in food, cosmetics, biomedicals, and pharmaceuticals because they are biocompatible, biodegradable, and nontoxic. CH is widely used in wound dressings and has been shown to have mucoadhesive properties, a cationic nature, and antibacterial and hemostatic properties. 17, 18 ALG is known to be nontoxic; it has hemostatic action and biocompatibility with a variety of cells. Because of these properties, ALG has been studied for application in biomaterials and wound dressings. 19 These natural polymers are now playing a significant role in the research field for skin, bone, vascular, nerve, and liver regeneration because of their demonstrated biocompatibility, relative abundance, and ease of processing.
ALG has the ability to form gels by reactions with divalent cations, such as Ca 21 . When in contact with calcium ions, ALG forms a reticulated structure that can be used to entrap drugs. ALG-RCOOA groups can bind with Ca 21 to form an undissolved gel. The gelling and crosslinking of the polymers are mainly achieved by the exchange of sodium ions from the guluronic acids with the divalent cations and the stacking of these guluronic groups to form the characteristic egg-box structure, as shown in Figure 2 (adapted from Shilpa et al. 20 ).
Biodegradable dressings made of natural polymers, such as CH 21, 22 and ALG, 23 are already available on the market. Specifically, biological materials such as CH and ALG have been reported to perform better than conventional and synthetic dressings in accelerating granulation tissue formation and epithelialization. [22] [23] [24] In this context, a new biomaterial based on cotton with incorporated active agents would be advantageous for the progressive delivery of associated active agents.
EXPERIMENTAL
LbL Coating of Cotton Cotton fabric obtained from James H. Heal & Co., Ltd., was used as a substrate. (2,2,6,6-Tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated oxidation, sodium bromide (NaBr), sodium hypochlorite (NaOCl) 5%, CH (low molecular weight, 420 kDa), acetic acid (CH 3 COOH), ALG, sodium chloride (NaCl), sodium hydroxide (NaOH), and hydrochloric acid (HCl) were purchased from SigmaAldrich. All of the chemicals were of analytical grade and were used as received. Polyelectrolyte CH (1 mg/mL) and ALG (1 mg/mL) solutions were prepared by the dissolution of CH and ALG in 0.1M CH 3 COOH and 0.5M NaCl solutions, respectively. To apply the LbL technique, samples of the substrate (cotton) were charged by immersion in a TEMPO 1 NaBr 1 5% NaClO (pH 10.5) solution under moderate stirring for 30 min; this was followed by a rinse with deionized water, as described elsewhere. [25] [26] [27] [28] The samples were manually prepared by the immersion of the cotton substrate alternately in polycation and polyanion solutions for 5 min. Between each polyelectrolyte exposure, the samples were rinsed with deionized water. For the CH and ALG polyelectrolyte layers, a pH of 5.0 was selected as an approximately intermediate value between the pK a of CH (6.3) and the pK a of ALG (3.38 and 3.65 for different residues). 29 
Embedding of L-Cys Between Layers
The aim of this study was to investigate a method of embedding L-cys between layers of CH and ALG deposited on cotton obtained via an LbL technique. Method 1: The Use of L-Cys as a Polyelectrolyte. The pK 1 (ACOOH), pK 2 (thiol or sulfhydryl), and pK 3 (NH 3 1 ) values of L-cys were 1.92, 8.37, and 10.70, respectively. Within a medium with a zwitterionic pH value of 5.02, there was no net charge on the molecule. 3 At pH values below and above 5.02, the molecule showed predominant cationic or anionic properties, respectively. With various solution pH values, the net charge could be changed from net positive at solution pH values more acidic than the isoelectric point to net negative at solution pH values more basic than the isoelectric point. At high pH values, the sulfhydryl group was also ionized and acquired a negative charge.
L-Cys was positively charged at pH 4, and this allowed it to be adsorbed onto a negative layer like a polycation. At pH 8 L-cys was negatively charged and could then be adsorbed onto a positive layer like a polyanion. Two embedding protocols were tested with the insertion of L-cys at the beginning and the end of the layer sequence considered.
Method 2: The Use of L-Cys by Dissolution in the Polyelectrolyte. In this method, a small amount of L-cys (1 mg/mL) was stirred together with the anionic polyelectrolyte (ALG) and together with the cationic polyelectrolyte (CH) to keep global negative and positive charges, respectively, after dissolution.
Method 3: Introduction of L-Cys by Direct Microspray. In this method, L-cys was introduced between the layers of the polyelectrolyte with a microspray during the process of the LbL method to ensure the use of a very small amount of L-cys to prevent any interference with the LbL process. Two solutions of L-cys (1% w/v) were used in the microspray, one with a pH of 1 and another with a pH of 12, to ensure positive and negative charges, respectively.
Method 4: Calcium-ALG Gel Entrapment of L-Cys. This method consists of the immobilization of L-cys in calcium-ALG gel by entrapment. ALG has a unique ability for gel formation in the presence of divalent cations, such as calcium ions. When sodium ALG is put into a solution of calcium ions, the calcium ions replace the sodium ions in the polymer. Hydrogels based on calcium-crosslinked ALG have been widely investigated for protein drug delivery. The crosslinking between sodium ALG and calcium ions leads to the gelling and entrapment of L-cys, which are dependent on the concentrations of both of these constituents. The ALG gel showed a positive degree of swelling at low calcium concentrations and a negative degree of swelling 
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Calcium carbonate [CaCO 3 (5%)] was suspended in deionized water, and the CaCO 3 particles were dispersed ultrasonically for 10 min to form a homogeneous suspension. [31] [32] [33] The ALG hydrogel was prepared with a CaCO 3 solution, and glacial CH 3 COOH was added to permit CaCO 3 solubilization. Acetic acid/CaCO 3 with a molar ratio of 2.5 was used. 33 The pH reduction (caused by proton diffusion into the aqueous phase) released Ca 21 ions from the insoluble calcium complex [eq. (1) 
Taking into consideration the reaction between acetic acid and CaCO 3 , each mole of CaCO 3 reacts with 2 mol of acetic acid. A CH 3 COOH/CaCO 3 molar ratio slightly higher than the stoichiometric proportion (2.5/1) resulted in high encapsulation efficiencies. 33 Two different methods were applied. Crosslinking is an effective way to stabilize three-dimensional polymer networks for a variety of applications. Different types of crosslinking are used for different applications. Covalent crosslinking has been used in hydrogel formation with permanent three-dimensional structures, such as absorbents, lubricious coatings, and even some controlled release matrices, wound dressings, and cell culture substrates. 35 The covalent crosslinking reagents are usually toxic to cells. In this study, we used an ionic crosslinking system without any toxic chemicals to form homogeneous ALG gels. The calcium ions had only an instant crosslinking contact with ALG to form a gel and prevent the release of L-cys. 
Morphological and Structural Characterization of the Oxidized Cotton
Untreated cotton and TEMPO oxidized cotton samples were observed with scanning electron microscopy (SEM; Hitachi S-2700). To provide surface electrical conductivity, the samples were coated with a thin Au layer, which was applied by sputtering.
The same samples were also analyzed by X-ray diffraction. A Rigaku DMAX III/C instrument was used to make a 5-50 2h scan with the reflection method with an operation voltage of 30 kV and a current of 20 mA. The relative crystallinity was calculated according to eq. (3).
Relative crystallinity 5 I crystalline 2I amorphous À Á 3100%=I crystalline (3) where I crystalline is the intensity at 22.5 and I amorphous is the intensity at 18.6 .
38,39
Energy-Dispersive X-ray Spectrometry (EDS) Analysis To monitor the L-cys embedding on the CH/ALG multilayer film, EDS analysis was used to reveal the presence of sulfur (the chemical element only present in L-cys).
Ellman's Reagent
The amount of L-cys released from the functionalized cotton was measured by an Ellman's reagent assay. The degree of thiolation of functionalized cotton was determined by an Ellman's reagent [5,5-dithiobis(2-nitrobenzoic acid)] reaction, where 5,5-dithiobis(2-nitrobenzoic acid) reacted with thiol groups to release TNB 2 ions. This further ionized to TNB
22
. This last ion showed a yellow color that could be detected by visible light at 405 nm.
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Attenuated Total Reflectance (ATR)-Fourier Transform Infrared (FTIR) Spectra ATR-FTIR spectra of samples were acquired on a ThermoNicolet is10 FTIR spectrophotometer with OMNIC software with wavelengths of 500-4000 cm 21 . The spectra were collected at a resolution of 4 cm 21 with 64 scans per spectrum. A background spectrum was acquired and assigned for use on subsequent spectral acquisitions for each sample.
Assessment of Antibacterial Activity
The antibacterial effect of functionalized cotton was tested according to the Japanese Industrial Standard JIS L 1902:2002, 41 which is the most employed method. This method is designed to quantitatively test the ability of textiles that have been treated with antibacterial agents to prevent bacterial growth and to kill bacterial over an 18 h period of contact. This method is based on the quantitative determination of the potential effect and the activity of functionalized cotton by direct contact with a suspension of bacterial cells.
To judge the test effectiveness, the growth value (F) was calculated according to eq. (4):
When F is more than 1.5, the test is judged to be effective, and when F is 1.5 or lower, the test is judged to be ineffective. When the test is ineffective, a retest is necessary.
When the quantitative test has been effective, the bacteriostatic activity (S) value can be calculated in accordance with eq. (5):
The bactericidal activity (L) was calculated according to eq. (6).
where M a is the average common logarithm of the number of living bacteria of three test pieces immediately after the inoculation of the inoculum on standard cloth, M b is the average common logarithm of the number of living bacteria of three test pieces after 18 h of incubation on standard cloth, and M c is the average common logarithm of the number of living bacteria of three test pieces after 18 h of incubation on the antibacterial treated sample. 41 Traditionally, bacteriostatic means the prevention of multiplication of bacteria without their destruction, whereas a bactericidal effect implies the forthright killing of the organisms. 42 The growth reduction rate of the bacteria was calculated with eq. (7):
T 0h 3100% 5 Reduction rate ð%Þ
where T 0h is the concentration (cfu/mL) of bacterial colonies at the initial stage (0 h) and T 18h is the concentration (cfu/mL) of bacterial colonies after 18 h incubation. 43 
RESULTS AND DISCUSSION
Morphological and Structural Characterization of the Oxidized Cotton SEM images of the untreated cotton and oxidized cotton are shown in Figure 3 . Figure 3(a) illustrates the original cotton sample, and the TEMPO-mediated oxidized cotton is shown in Figure 3 (b).
A comparison between the SEM images of the original cotton and oxidized cotton showed that the used TEMPO-mediated oxidation conditions did not lead to any morphological change in the cotton samples. , we observed that their polymorph type and crystalline degree did not show significant evolution upon the oxidation treatment. Such results agree with previously reported work. [44] [45] [46] The crystallinity degree of cotton was 88.06%, and the crystallinity degree of oxidized cotton was 88.50% and remained nearly constant during oxidation; this indicated that the fiber retained its crystal morphology. Generally, like other authors, we found that the process of oxidation with TEMPO did not reach the inside of the crystalline region. 38, 39, 44 EDS Analysis EDS analysis obtained from the different methods of embedding L-cys between layers of CH/ALG in functionalized cotton is shown in Table I .
The existence of L-cys on the functionalized cotton samples were determined by the amount of sulfur. Samples where sulfur was not detected had no L-cys embedded between the layers; in other words, the method used did not work. As shown in Table I , methods 1, 2, and 3 did not work because L-cys was not retained between the layers. That is, there were no 
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electrostatic interactions between L-cys and CH and ALG. L-Cys is free and comes out easily during the LbL process. The result obtained by method 2 was in accordance with the results of the literature for drugs incorporated in biodegradable ALG. 47 The dissolution of the drug in polyelectrolyte led to good results when the drug was insoluble in water. Water-soluble drugs (in the case of L-cys) are not suitable for this technique because of the rapid loss of the external phase. where after 1 min of hardening, only the surface was crosslinked, whereas the interior of the beads was still liquid. On the other hand, a higher concentration of CaCO 3 resulted in a denser network; this prevented the ALG from eroding out of the film and delayed the kinetics of L-cys release. 50 Method 4.4 led to better results with the greatest amount of detected sulfur; this meant that there was a larger amount of L-cys embedded between the CH/ALG layers.
In method 5, a very low amount of sulfur was detected. This indicated that a very small amount of L-cys was embedded between the layers of CH/ALG. In this method, gelling was not used, and a very low amount of L-cys between the layers was detected. This suggested that the gelling process was essential for the incorporation of L-cys between the layers of CH/ALG.
Ellman's Reagent Samples 16 and 17 (samples with better results of L-cys incorporation, see Table I ) were immersed in deionized water. Small amounts of liquid solution were collected and replenished by fresh deionized water and analyzed for different immersion times. The results for the absorbance obtained by the method of Ellman's reagent are show in Figure 4 .
After immersion for 90 min in deionized water, the result of EDS analysis by weight percentage for sample 16 was 0.40% in sulfur and for sample 17 was 0.37% in sulfur. There was a reduction of 50% in the content of sulfur in each sample; this suggested that there was a release of 50% of L-cys for an immersion time of 90 min. Figure 5 (a,b) shows characteristic cellulose peaks around 1000-1200 cm
ATR-FTIR Spectra

21
, which were those of the main components of cotton. Other characteristic bands related to the chemical structure of cellulose were hydrogen-bonded OH stretching around 3100-3550 cm 21 , CAH stretching around 2800 cm
, and asymmetrical COO 2 stretching around 1600 cm 21 . [51] [52] [53] The characteristic peaks of CH were detected in the region around 1700-1500 cm 21 and corresponded to amino groups. The ALG spectrum showed the characteristic bands of carboxylate (COO 2 ) at 1600 and 1400 cm 21 .
54
Pure L-cys showed bands at 1575 and 1390 cm 21 corresponding to the asymmetric and symmetric stretching of COO 2 . 55 Characteristic peaks for L-cys resulting from amine bending vibrations modes were observed at 1523 and 1420 cm 21 . 55 The peak at 2551 cm 21 corresponded to the ASH group (thiol group of L-cys).
56 Figure 5(b) shows the spectrum of the functionalized cotton sample with L-cys, where the absence of the ASH band at 2551 cm
21
. This indicated sulfur-hydrogen bond breakage, and a new sulfur-sulfur bond appeared at 558 cm 21 .
2,57
Comparing Figure 5 (a) and 5(b), we observed that the curves were similar and had no displacement in the appearance of peaks. This indicated that there was no chemical bond between CH/ALG and L-cys. The absence of chemical bonds suggested that L-cys may have been coordinated with the nitrogen of the amino group of CH and the oxygen of the carboxylate group of ALG.
Best Configuration for the Samples
Considering all the results obtained in this study and the results reported in an already published article, 58 we found that five layers was the best setting for functionalized cotton with CH and ALG. So, the best settings in the preparation of the functionalized cotton were Table II presents All samples (19, 19 control, 20 , and 20 control) showed bacteriostatic activity and no bactericidal activity against Staphylococcus aureus and Klebsiella pneumonia. For sample 20 (with L-cys), the bacteriostatic activity level increased approximately 80% relative to the sample 20 control (without L-cys). By analyzing these results, we found that the presence of L-cys in the sample significantly increased the bacteriostatic activity level.
Assessment of Antibacterial Activity
Sample 20 presented the highest values of bacteriostatic activity (2.9 for S. aureus and 2.2 for K. pneumonia). The last layer in this sample was composed of CH. Normally, CH exhibits a stronger bioactivity effect upon Gram-positive (S. aureus) and Gram-negative (K. pneumonia) bacteria. 59, 60 This fact may be explained by the number of amine groups available for reaction. CH is a cation that will attract the negative charges of the cell walls of bacteria and cause damage and sometimes even death.
61-64
The sample 20 control presented lower values of bacteriostatic activity (1.8 for S. aureus and 1.2 for K. pneumonia) with respect to sample 20. These values were due to the layers of CH and ALG, which had antibacterial properties, but otherwise, there was no L-cys in this sample. This suggested that L-cys conferred a greater antibacterial effect to the samples.
Sample 19 presented values of bacteriostatic activity of 2.1 for S. aureus and 1.9 for K. pneumonia. As expected, the sample 19 control had lower values for bacteriostatic activity (1.2 for S. aureus and 1.0 for K. pneumonia) because it had no L-cys. Figure 6 shows the growth inhibition (cell reduction) of S. aureus and K. pneumonia by antibacterial activity of the functionalized cotton with L-cys incorporated.
Analyzing the results ( Figure 6 ) for S. aureus, we found a reduction of 90% in bacterial growth on sample 19 and a reduction of 95% on sample 20. For K. pneumonia, there was a reduction of 84% in bacterial growth on sample 19 and a reduction of 87% on sample 20.
For the 19 and 20 control samples for S. aureus, there were reductions of 72 and 80% in bacterial growth, respectively. For K. pneumonia, there were reductions of 60 and 70% in bacterial growth on the 19 and 20 control samples, respectively.
Sample 20 presented a greater reduction in bacterial growth than sample 19. This difference was due to the presence of CH in the last layer of sample 20. As discussed in an article already published 58 and based on the literature, CH exhibited a stronger bioactivity effect upon S. aureus and K. pneumonia bacteria.
From Figure 6 , the difference in values was explained by the presence of L-cys in samples 19 and 20. The presence of L-cys gave a higher antibacterial activity to the functionalized cotton samples.
CONCLUSIONS L-Cys, a bioactive agent, could be directly embedded between the layers of CH/ALG without any covalent bonding with a polyelectrolyte. With the results obtained taken into account, method 4.4 or 4.5 would be the most appropriate for that purpose. This method has many advantages; in particular, the bioactive agent was immobilized between layers (no chemical bond) without the necessary optimization for each bioactive agent because the agent could be embedded by methods 4.4 or 4.5.
In addition, LbL deposition allows the easy fabrication of multimaterial films, in which different layers carry different functionalities or repeat the same functionality several times to control the quality or the quantity of active agents.
Our results strongly suggest that biofunctionalized polyelectrolyte multilayered films containing L-cys represent a promising area for development in biomaterials and biotechnology. Thus, these unique structures are potentially very useful as wound dressings.
